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Brek/Lmtk2 (brain-enriched kinase/lemur tyrosine kinase 2) is a
member of the Aatyk family of kinases that comprises Aatyk1,
Brek/Lmtk2/Aatyk2, and Aatyk3. Although several potential roles
have been proposed for Brek and other Aatyk family members, the
physiological functions of these kinases remain unclear. Here, we
report that Brek�/� male mice are infertile, with azoospermia.
Detailed histological analysis revealed that Brek�/� germ cells
differentiated normally until the round-spermatid stage, but failed
to undergo the normal change in morphology to become elon-
gated spermatids. Testicular somatic cells appeared normal in these
mice. Expression of Brek in testis was restricted to the germ cells,
suggesting that the maturations of germ cells in Brek�/� mice are
affected in a cell-autonomous manner. On the basis of these
findings, we concluded that Brek is essential for a late stage of
spermatogenesis. Further clarification of the mechanism by which
Brek regulates spermatogenesis may help identify new targets for
reproductive contraceptives and treatments against infertility.

AATYK � BREK � infertility � LMTK2 � spermatogenesis

Spermatogenesis, the process by which primordial germ cells
generate sperm, is a complex process that includes mitotic

division of spermatogonia, meiotic division of spermatocytes to
generate haploid cells called spermatids, and differentiation of
the spermatids into sperm cells. The last maturation step in
which haploid spermatids undergo a complex restructuring
program is called spermiogenesis. Spermiogenesis begins with
formation of the acrosome from Golgi-derived vesicles, followed
by formation of a flagellum, condensation of the nucleus with
DNA compaction, and jettison of the cytoplasm. The resulting
mature sperm consists of a head with a nucleus and a tail and
enters the lumen of the seminiferous tubules. Spermatozoa that
differentiate in the testis mature further during the passage
through the epididymal duct to acquire functions essential for
fertilization.

Protein-phosphorylation events play pivotal roles in regulating
intracellular signals in response to a wide variety of stimuli.
There is accumulating evidence that protein kinases, such as
c-Kit, play critical and distinct roles in spermatogenesis (1). Brek
(brain-enriched kinase) is a member of the protein kinase
subfamily that comprises Aatyk1, Brek/Lmtk2/Aatyk2, and Aa-
tyk3. This kinase subfamily was recently identified through a
genome database search for human tyrosine kinases and was
tentatively named the Aatyk (apoptosis-associated tyrosine ki-
nase) subfamily (2). Generation of a phyletic tree of known
tyrosine and Ser/Thr kinases revealed that Aatyk family kinases
represent a previously uncharacterized category of kinases that
reside between tyrosine kinases and Ser/Thr kinases. The pri-
mary structures of Aatyk kinases show slightly higher homology
to tyrosine kinases than to Ser/Thr kinases, but we previously
showed that the Aatyk kinases are Ser/Thr kinases and not
tyrosine kinases (3). Although Brek is also called Aatyk2 and

Lmtk2 (lemur tyrosine kinase 2), these names are apparently
after the putative tyrosine kinase activity and do not accurately
reflect its genuine property. We also showed that Brek is
expressed at high levels in early postnatal brain and that Brek
plays a part in nerve growth factor (NGF) signaling in PC12 cells
(3). Other groups reported that Kpi-2 (kinase/phosphatase/
inhibitor-2) and Cprk (CDK5/p35-regulated kinase), which are
identical to Brek, interact with protein phosphatase 1 catalytic
subunit (PP1C) and p35 in vitro (4, 5); however, their in vivo
association and biological significance are not characterized.

In this study, we elucidated the physiological function of Brek by
generating mice with a targeted disruption of the Brek gene. We
found that Brek�/� male mice are infertile, with azoospermia.
Because mice lacking members of the Aatyk family have not been
analyzed, our current study provides a clue to investigate the
physiological roles of this unique and little characterized family of
kinases and to the molecular mechanism of spermatogenesis.

Results
Generation of Brek-Knockout Mice. To investigate the physiological
role of mammalian Brek, we generated mice with targeted
disruption of Brek. A Brek-targeting construct was designed to
replace the genomic region of Brek containing exons 4–6 with a
neomycin-resistance cassette (Neo) (Fig. 6A, which is published
as supporting information on the PNAS web site). The exons 4–6
encode amino acid residues essential for kinase activity. ES cell
clones bearing the targeted allele were selected by Southern blot
analysis (Fig. 6B). To generate homozygous mutant mice, F1
heterozygotes were interbred, and the F2 offspring were geno-
typed by PCR analysis (Fig. 6C). Absence of Brek protein in
Brek�/� mice was confirmed by immunoblot analysis of brain
lysates (Fig. 6D).

Azoospermia in Brek-Knockout Mice. Brek�/� mice were born at a
slightly lower frequency (18%, n � 268) than the predicted
Mendelian frequency. We have not yet examined when and how
the missing 7% of Brek�/� pups die before birth. Null pups that
survived the gestation period showed no phenotypic abnormality
at birth and had apparently normal growth. Histological exam-
ination of immature Brek�/� mice (postnatal weeks 3 and 4)
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showed that all tissues examined, including testis (both somatic
and germ cells), epididymides, and prostate were normal (data
not shown). Note that spermatozoa are not typically present
during this period. Adult Brek�/� mice were healthy, with normal
size and behavior. However, in breeding experiments, male
Brek�/� mice were infertile, although male Brek�/� and female
Brek�/� mice showed normal fertility (Table 1). To determine
the cause of infertility in the Brek�/� males, we first examined
whether spermatozoa were produced normally at 8 weeks of age.
Testes of Brek�/� mice were smaller than those of Brek�/� mice
(Fig. 1A). There were no spermatozoa in the epididymides of
Brek�/� mice (Fig. 1B). Thus, infertility of Brek�/� males ap-
peared to be caused by impaired spermatogenesis. Testes weights
and sperm counts of Brek�/� mice were normal (data not
shown). Because testicular size and germ cell morphology during
immature periods appeared normal, the defects in Brek�/� mice
seemed to be in late spermatogenesis. By TUNEL assay against
sections of adult seminiferous tubules, we found a markedly
increased number of apoptotic cells in Brek�/� testes (Fig. 2).
This finding suggested that differentiation of Brek�/� germ cells
was perturbed during late spermatogenesis and that a subset of
the perturbed germ cells in Brek�/� testes underwent apoptosis.

Importance of Brek in Late Spermatogenesis. To clarify defects in
spermatogenesis in Brek�/� mice, we performed histological
analyses of adult seminiferous tubules in detail (Fig. 3). Al-
though spermatogenesis proceeded normally in Brek�/� testes
until approximately round-spermatid production, Brek�/� sper-
matids showed abnormalities in further development (Fig. 3 B,
D–I, and K). The number of elongating spermatids was gradually
reduced in Brek�/� testes as spermiogenesis proceeded. Few
elongated spermatid were observed in seminiferous epithelium
of Brek�/� testes at stages VII–VIII (Fig. 3 B, D, E, and K), unlike

in that of Brek�/� testes (Fig. 3 A, C, and J). In addition, vacuoles
and degenerated symplast-like cells were frequently found in
Brek�/� seminiferous epithelium (Fig. 3 B, E, and H). Electron
micrographs suggested that elongating spermatids were readily
phagocytized by Sertoli cells in Brek�/� testes (Fig. 3 E and H).
As a result, engulfed spermatids and residual bodies of sperma-
tids were frequently observed in the cytoplasm of Sertoli cells
near the basement membrane (Fig. 3E). Many of elongating
spermatids in Brek�/� testes had variously deformed acrosomes.
Typical acrosome deformation was indentation at the acrosome
granule area (Fig. 3F). Many of Brek�/� spermatids that differ-
entiated into elongated spermatid stage (step S14) were being
degenerated and showed various deformations on the heads and
tails (Fig. 3 G and H). Collapsed and separated acrosomes and
tail degeneration with mitochondrial separation were often
observed in Brek�/� testes (Fig. 3H). Flagellum development in
late spermatids was not impaired in Brek�/� testes. The tail
components such as outer dense fibers and fibrous sheath were
apparently formed (Fig. 3I). We found few spermatids that
differentiated to step S15 in seminiferous epithelium of Brek�/�

testes (Fig. 7, which is published as supporting information on
the PNAS web site). The number and morphology of testicular
somatic cells, including Sertoli cells (Fig. 3 A and B) and Leydig
cells (data not shown), in Brek�/� mice were indistinguishable
from those in Brek�/� mice. Thus, the absence of Brek did not
affect meiotic division of germ cells but abrogated the further
maturation of round spermatids. Brek may control the activities
of key proteins involved in late spermatogenesis.

Expression of Brek in Testis. Defects in testicular germ cells and
somatic cells result in azoospermia. Abnormalities in hormone
levels are also the cause of infertility. To characterize the
expression profile of Brek in testis, we performed Western blot
analysis (Fig. 4). Brek was highly expressed in mouse testis,
suggesting that the impaired maturation of Brek�/� germ cells
was due directly to defects in the testicular cells and not to
indirect effects of defects in other cell types, such as neural cells
(Fig. 4A). Consistently, serum levels of testosterone, luteinizing
hormone, and follicle-stimulating hormone were not altered in
Brek�/� male mice (Table 2). We further evaluated Brek ex-
pression in testes from C57BL/6 mice (postnatal weeks 2–10) and

Fig. 1. Azoospermia in Brek�/� mice. (A) Comparison of testis weights of
8-week-old Brek�/� and Brek�/� mice. (Upper) Photographs of testes from
Brek�/� and Brek�/� mice. (Lower) One testis from each pair of testes was
trimmed free of fat and weighed. (B) Sperms in epididymis. Micrographs of
H&E-stained sections from 8-week-old Brek�/� and Brek�/� epididymides.
Arrows indicate presence (Brek�/�) or absence (Brek�/�) of sperm cells. Anal-
ysis with 12-week-old mice yielded comparable results.

Table 1. Fertility assessment

Male Female Average number of litters

Brek�/� Brek�/� 6.1 � 3.8 (n � 4 plugs)
Brek�/� Brek�/� 7.2 � 1.4 (n � 10 plugs)
Brek�/� Brek�/� 0 (n � 6 plugs)

Fig. 2. Increased germ cell apoptosis in Brek�/� mice. (A) Apoptotic cells were
detected by in situ TUNEL assay of testis sections from 8-week-old Brek�/� and
Brek�/� mice. Cells were visualized with DAPI (red). Merged images show
TUNEL-positive cells in yellow. (B) Quantification of apoptotic germ cells in the
seminiferous tubules of 8-week-old Brek�/� and Brek�/� mice. In each testis,
TUNEL-positive cells in at least 100 tubule sections were counted and aver-
aged. Error bars represent SD. Statistical significance (*, P � 0.01) was assessed
by Student’s t test. Analysis of 12-week-old mice yielded similar results.
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kit mutant (kitW/W�v) mice (postnatal week 10) (Fig. 4B). At
postnatal week 10, the expression level of Brek was significantly
low in kitW/W�v males compared with that in control wild-type
males. Because KitW/W�v males have greatly reduced numbers of
germ cells but approximately normal number of somatic cells (6),
the result suggested that Brek is expressed primarily in germ
cells. Expression levels of Brek in testes of C57BL/6 mice were

markedly increased between postnatal weeks 2 and 3 (Fig. 4B).
This finding is consistent with our hypothesis that Brek is
required for a late phase of spermatogenesis after meiosis,
because the first wave of cells undergoing spermatogenesis
reaches spermatid production stage during the periods analyzed
(7). We further examined the expression of Brek using fraction-
ated mouse testicular cells (i.e., the germ cells, Leydig cells, and

A B

C

D E

F

G H I

J K

Fig. 3. Histological abnormality in Brek�/� testes. (A and B) Light micrographs of testes (around stage VII–VIII). Sections were stained with toluidine blue. (A)
Normal spermatogenesis in Brek�/� testis. (B) Vacuoles (*) and degenerated symplast-like cells (arrows) were found in Brek�/� testis. (C–I) Electron micrographs
of Brek�/� (C) and Brek�/� (D–I) testes. Sections were stained with lead and uranyl acetate. (C) Normal spermiogenesis with healthy round and elongating
spermatids in Brek�/� testis. (D) In Brek�/� testis, round spermatids appear to be produced normally but gradually show abnormal development in the acrosome
(F). (E) Elongating spermatids develop abnormally and are eventually engulfed by Sertoli cells (arrows) with residual bodies (*). (G and H) Elongated spermatids
at step S13–14 in Brek�/� testes, showing varieties of deformations and collapsed components such as acrosome and nucleus in the head (G). Collapsed acrosomes
(arrows) and vacuoles (*) found in Sertoli cells are indicated (H). (I) A few elongated spermatids survived until approximately step 15. Irregular acrosomes (arrows)
and condensed nuclei (N) are indicated. The spermatids show electron-dense material with many vesicular structures at the border between the head and tail
(double arrow). Middle piece shows relatively well arranged mitochondrial sheath (M) and principal piece region with fibrous sheath (P). A developed round
spermatid (r-St) has an irregular acrosome (*), a part of which is shown in Inset. (Inset) A higher-magnification image of the rectangular area. Shown are
manchette (arrow), irregular acrosome (*), and tail components such as fibrous sheath and outer dense fibers (double arrow; the axoneme is not clearly
recognized at this magnification). (J and K) Stage matched images of Brek�/� (J) versus Brek�/� testes (K). Periodic acid/Schiff (PAS) staining shows stage XII that
can be identified with secondary spermatocytes dividing at meiosis II (*). There are many elongating spermatids with PAS-positive acrosomes in the tubule of
Brek�/� testis (J). Few or no elongating spermatids are survived in the tubule of Brek�/� testis (K). A, acrosome; Ag, acrosome granule; BM, basement membrane;
Es, elongating or elongated spermatid; M, mitochondria; N, nucleus; P, pachytene spermatocyte; Rs, round spermatid; S, Sertoli cell. {Scale bar: 10 �m [A and
B]; 2 �m [C–E and I (Inset, 1 �m)]; 1 �m [F and H]; 0.5 �m [G]; and 10 �m [J, K]}
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Sertoli cells) (Fig. 4C). Western blotting and RT-PCR using the
fractionated cells revealed that Brek was exclusively expressed in
a germ cell-rich fraction (Fig. 4C). Furthermore, immunohisto-
chemical analysis of seminiferous tubules revealed that Brek was
expressed at the elongating spermatid zone near the center of the
seminiferous tubule. These findings are consistent with the
phenotype in Brek�/� testes, in which germ cells failed to
undergo the normal change in morphology to become elongated
spermatids (Fig. 5). Therefore, we have concluded that impaired
maturation of Brek�/� spermatids is a consequence of the
cell-autonomous defects in Brek�/� germ cells.

Discussion
Our present study on Brek�/� mice revealed that Brek plays an
essential role during spermatogenesis. Aatyk family kinases,
including Brek, are evolutionarily distinct within the kinase
subfamilies. The characteristics of Aatyk kinases in terms of
amino acid sequences are intermediate between those of the
tyrosine kinases and Ser/Thr kinases, which may explain why
these kinases had escaped identification with classic homology-
based screenings. Aatyk1 was originally identified as a gene with
expression up-regulated during apoptosis of myeloid cells (8).
Aatyk1 is preferentially expressed in brain (9, 10), and several
potential roles have been proposed in the nervous system,
including regulation of neural differentiation (10) and apoptosis
(11, 12). However, these potential roles were evaluated with in
vitro experiments only, and definitive evidence for the role of
Aatyk1 has not yet been reported. Brek and Aatyk3 were
originally identified in a human genome database as genes with
kinase domain sequences that show high homology (�50%) to
that of Aatyk1 (2). We previously reported that Brek is involved

in NGF signaling in PC12 cells (3). In PC12 cells, Brek was
phosphorylated rapidly upon stimulation with NGF in a TrkA-
and protein kinase C-dependent pathway. Introduction of a
kinase-defective mutant of Brek into PC12 cells enhanced both
Erk phosphorylation and neurite outgrowth in response to NGF,
suggesting that Brek is a negative regulator of NGF-induced
neuronal differentiation. Other groups reported that Brek in-
teracts with p35/Cdk5 (4) and Inhibitor-2/PP1 (5). However, the
specific functions of Brek in physiological processes are not
known, as is the case with Aatyk1. No functional or biochemical
analyses of Aatyk3 have been reported. Thus, this study reports
a previously uncharacterized physiological role of the Aatyk
family members.

Brek�/� mice had apparently normal health, with the excep-
tion of azoospermia. Despite the high expression of Brek in
brain, no histological abnormalities in the nervous system have
been yet found in Brek�/� mice. Because our previous results
suggested that Brek is a negative regulator of NGF signaling in
PC12 cells (3), we carried out histological analysis of the nervous
system, especially forebrain cholinergic neurons and peripheral
trigeminal neurons, whose development was significantly im-
paired in TrkA- or NGF-knockout mice (13, 14). However, no
abnormality in the nervous system has been found in Brek�/�

mice (data not shown). Because Aatyk1 and Aatyk3, as well as
Brek, are expressed at high levels in brain (3), it is possible that
Brek function in the nervous system is compensated for by other
Aatyk family kinase(s) in Brek�/� mice. Therefore, generation of
double- or triple-knockout mice that lack Aatyk1 and/or Aatyk3
in addition to Brek will further reveal physiological roles of
Aatyk family kinases.

In this study, we found that male infertility in Brek�/� mice was
due to impaired maturation of germ cells. We proposed that the
impaired spermatogenesis in Brek�/� testis was directly caused
by a defect in the germ cells and was not a secondary effect due
to an abnormality in other cell types. In some strains of genet-
ically modified mice, impaired spermatogenesis is a consequence
of defects in testicular somatic cells (most frequently in Sertoli
cells) or abnormalities in hormone levels (15–17). However, the
number and morphology of testicular somatic cells were normal,
and hormonal levels were not altered in Brek�/� mice. Impor-
tantly, testicular expression of Brek is restricted to germ cells,
suggesting that the maturation of germ cells in Brek�/� mice is
affected in a cell-autonomous manner.

Although differentiation of spermatogonia until step S1
(round spermatid) occurred normally in Brek�/� testes, further
differentiation of spermatids was largely suppressed (Fig. 7).
Accordingly, we found few spermatids that differentiated to step
S15 in Brek�/� testes. Thus, Brek appears to be necessary for the
morphological progression of postmeiotic germ cells, a process
that includes mitochondrial compaction and expulsion of the
cytoplasm, but not to be essential for the early phase of
spermatogenesis. In wild-type mice, the first wave of spermat-
ogenesis begins shortly after birth, and spermiogenesis is first
observed around postnatal day 20 (7). The first spermatozoa are
produced at approximately day 35. Our finding that the level of
Brek protein in testis was increased between 2 and 3 weeks after
birth was consistent with the idea that Brek expression is
associated with a late phase of spermatogenesis, possibly after
the generation of round spermatids. Importantly, immunohis-

Fig. 4. Expression profile of Brek protein. (A) Mouse tissue lysates from
8-week-old males were probed with antibodies against Brek. Total protein
levels were evaluated by Coomassie brilliant blue staining. (B) Testis lysates
from kitW/W�v mice (WW; Postnatal week 10) and C57BL/6 mice (B6; Ages are
indicated) were probed with antibodies against Brek. �-Tubulin was examined
as a loading control. (C) Germ cell-, Sertoli cell-, and Leydig cell-rich fractions
were prepared for RT-PCR analysis (Left) and Western blot analysis (Right) as
described in Materials and Methods. The quality of fractionated cells was
verified by RT-PCR of 3�-HSD, protamine-1, and SGP-2 genes, which are known
to be specifically expressed in Leydig, germ, and Sertoli cells, respectively
(Left). �-Actin and �-tubulin were examined as controls.

Table 2. Hormonal levels

Teststerone, ng/dl LH, ng/ml FSH, ng/ml

Brek�/� 24 � 7 (n � 12) 4.1 � 2.1 (n � 3) 93 � 12 (n � 3)
Brek�/� 31 � 14 (n � 10) 3.3 � 1.7 (n � 3) 85 � 19 (n � 3)

LH, luteinizing hormone; FSH, follicle-stimulating hormone
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tochemical analysis revealed that Brek was expressed mainly in
elongating and elongated spermatids in wild-type seminiferous
tubules. We also found that mRNAs for genes expressed in
postmeiotic germ cells, such as Prm1, Prm2, TP1, TP2, CREM,
and CaMK4 mRNAs, were also expressed in Brek�/� testis (data
not shown), further supporting the hypothesis that Brek�/� germ
cells differentiate normally into round spermatids. In addition,
histological analysis of testes from immature Brek�/� mice
(postnatal weeks 3 and 4) showed no abnormalities in the
number and morphology of round spermatids (data not shown;
note that the first wave of spermatogenesis has not reached the
step of elongation of spermatids during this period).

The mechanism by which Brek contributes to the late phase of
spermatogenesis is presently unknown. Brek was reported to
bind to and phosphorylate the catalytic subunit of PP1 in vitro
(5), suggesting that Brek may play a part in spermatogenesis
through the regulation of PP1 activity. One of PP1 isoforms,
PP1c�2, is predominantly expressed in testis (18). Male mice
with a targeted disruption of the PP1c�2 gene showed compa-
rable phenotype with Brek�/� mice, severe impairment of sper-
miogenesis beginning at the round spermatid stage (18). It is
possible that Brek regulates cytoskeletal structures needed for
normal morphological development of round spermatids. Brek
activity was rapidly increased upon lysophosphatidic acid (LPA)
stimulation in PC12 cells, and overexpression of Brek promoted
LPA-induced neurite retraction in differentiated PC12 cells (our
unpublished data). Because LPA regulates actin cytoskeleton
through RhoA, Brek might enhance the activity of RhoA. PP1
could also play a role in this scenario, because PP1 acts as a
myosin phosphatase that is a key regulator of the actin cytoskel-
eton in skeletal muscle (19). In addition, NGF-PKC signaling
might be also involved in the mechanism by which Brek play a
role in spermatogenesis, such as in neurite elongation of PC12
cells. NGF and TrkA mRNAs were found principally in sper-
matocytes and round spermatids of the adult mouse testis,
suggesting that NGF signaling might be involved in an early
phase of spermiogenesis (20, 21). Multiple isozymes of PKC
including �, �, �, and � isozymes are also expressed in testicular
germ cells (22). In particular, like that of Brek, expression of
PKC-� in testis was increased between 2 and 3 weeks after birth
(22). Further studies will define the precise mechanism by which
Brek participates in spermatogenesis.

Fertility depends on the coordinated and combined functions
of both the male and female reproductive systems. Anatomical
defects, endocrinopathies, immunological problems, and envi-
ronmental exposures are significant causes of infertility. Al-
though several infertility disorders are associated with defined
genetic syndromes, including cystic fibrosis and Turner syn-
drome (23, 24), nearly 25% of clinical infertility cases are
idiopathic. Genetic etiologies are thought to underlie many of

these unrecognized pathologies. Reproductive defects as a major
phenotype in mutant mice such as the Brek�/� mice are being
identified rapidly and may be helpful in refining our understand-
ing of mechanisms underlying reproductive function, in identi-
fying potential new contraceptive targets, and identifying the
causative genes for specific reproductive disorders.

Materials and Methods
Targeting Construct and Generation of Mice. Homologous recom-
bination was used to replace the genomic region of Brek that
contains 3 exons encoding a part of the kinase domain with the
neomycin-resistance (neo) cassette. The DT-A fragment was
ligated to the 3� end of the targeting vector for negative selection.
We identified the Brek-targeted 129Ola ES cell clones by South-
ern blot hybridization with the probe shown in Fig. 1 A, and then
injected these cells into C57BL/6 blastocysts. Male chimeras
were mated with C57BL/6 females to obtain heterozygous
(Brek�/�) F1 offspring. We intercrossed the F1 progeny to
produce homozygous Brek�/� mice. Genotyping was performed
by PCR with specific primers to amplify either the mutant or
wild-type allele. All experiments with animals were carried out
according to guidelines for animal use issued by the Committee
of Animal Experiments, Institute of Medical Science, University
of Tokyo.

Histological and TUNEL Analysis. We fixed testes in Bouin’s solution
or 10% formalin neutral buffer solution. Fixed tissues were
embedded in paraffin. Sections (7-�m thick) were cut, dewaxed,
and then stained with toluidine blue or by PAS reaction with
standard procedures. Apoptotic cells in sections were detected
by TUNEL assay with an In Situ Cell Death Detection Kit,
Fluorescein (Roche Diagnostics, Tokyo, Japan).

Conventional Transmission Electron Microscopy. We fixed adult
testes with 2% glutaraldehyde in 10 mM Hepes buffer. After
washing the testes in the same buffer, we cut the tissues into small
pieces and immersed them in the same fixative for 2 h at 4°C.
Tissues were rinsed with PBS and then fixed again with 2%
OsO4. The samples were dehydrated through graded ethanol
series and then embedded in Epon 812. We cut ultrathin sections
on an ultramicrotome (Ultracut E; Reichert–Jung, Vienna,
Austria) and stained them with uranyl acetate and lead citrate.
Staining was observed with a 1200 EX transmission electron
microscope (JEOL, Tokyo, Japan).

Immunohistochemical Localization of BREK in the Mouse Testis. Wild
type and Brek�/� mice were perfused through the left ventricle
with 4% paraformaldehyde in PBS. Testes were removed and
immersed in the fixative at 4°C for 4 h. The testis samples were
passed through a sucrose gradient (10-, 15-, and 20% in PBS),

Fig. 5. Indirect immunofluorescence images of the seminiferous tubule. (A) Control image for Brek�/� testis at approximately stage V. Primary antibody
(anti-Brek antibody) was omitted. Nonspecific staining (red) is found in the abluminal side of the tubule and in the interstitial Leydig cell (L). (B) Immunostaining
with anti-Brek antibody for Brek�/� testis at approximately stage VI. Note strong staining (red) at the elongating spermatid zone near the center of the tubule.
(C) Staining with anti-Brek antibody for Brek�/� testis at approximately stage III. No immunostaining in the region of developing spermatids (double arrows).
Asterisk (*) shows the center of the tubule. Red, Alexa Fluor 546; blue, Hoechst 33258. Dotted line shows the basement membrane region, i.e., the border of
the seminiferous tubule. (Scale bar: 10 �m.)

19348 � www.pnas.org�cgi�doi�10.1073�pnas.0603603103 Kawa et al.

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
21

, 2
02

1 



www.manaraa.com

and were then incubated in 40% sucrose: optimal cutting tem-
perature (OCT) compound (1:1) overnight at 4°C. The testes
were then embedded in OCT compound, frozen in liquid
nitrogen, sectioned at 8-�m thickness on a cryostat (model 1720;
Lietz, Wetzlar, Germany) and dried for 2 h. After wetting with
PBS, the samples were treated with 0.1% Triton X-100 in PBS
for 30 min and blocked with 5% normal goat serum and 3% BSA
in PBS for 30 min. The samples were then incubated in rabbit
polyclonal antibody, KP12 (4 �g/ml; Abcam, Cambridge, U.K.),
in PBS at 4°C for 17 h. After washing with PBS, the testis sections
were incubated with Alexa Fluor 546 goat anti-rabbit IgG
(heavy-chain plus light-chain) (0.8 �g/ml; Molecular Probes,
Eugene, OR) and Hoechst 33258 (10 �g/ml; Sigma–Aldrich, St.
Louis, MO) for 30 min dissolved in PBS. After washing with PBS,
the samples were analyzed with a BX50 microscope (Olympus,
Tokyo, Japan) equipped with an imaging system composing of a
CCD camera RETIGA Exi FAST 1394 and an imaging soft ware
SlideBook 4 (Nippon Roper, Chiba, Japan).

Immunoblot Analysis. Tissue extracts were prepared and analyzed
by immunoblotting with antibodies against Brek as described (3).

RT-PCR. Primers were checked by PCR to ensure that they
generated single products of the predicted size. Primers for
Prm1, Prm2, TP1, TP2, CREM, and CaMK4 were kindly provided
by A. Urano (University of Tokyo). PCR was performed at
typical amplification parameters (95°C for 10 min, followed by
20–30 cycles of 95°C for 30 sec, 55°C for 30 sec, and 72°C for 1
min) by using Ex Taq (TaKaRa Biomedicals, Shiga, Japan) and
ABI 9700 thermal cycler (Applied Biosystems, Foster City, CA).

Fractionation of the Normal Testicular Cells. Testes were collected
from two male mice (8 weeks of age). The tunica albuginea was
removed from each testis. The seminiferous tubules were placed
in Eagle’s Minimal Essential medium (GIBCO, Carlsbad, CA)
containing 0.1% collagenase (Wako Pure Chemical Industries,
Osaka, Japan), incubated at room temperature for 1 h with
gentle swaying. The tubule suspension was transferred into a
conical tube and kept standing for 5 min to precipitate tubule

fragments. The supernatant containing separated cells was
filtered through a nylon mesh and centrifuged at 600 � g for 10
min. The precipitant was used as a Leydig cell-rich fraction. The
remaining tubules were dispersed by gentle pipetting a few times
in PBS containing 1 mM EDTA to remove residual Leydig cells.
Tubules were then treated with 0.25% Trypsin at 37°C for 10
min, and dispersed by vigorous pipetting. The suspension was
filtrated through a nylon mesh and centrifuged at 600 � g for 10
min. The precipitant was dispersed in Eagle’s Minimal Essential
medium (pH 7.2) containing 10% FBS (GIBCO), transferred to
gelatin-coated culture dishes, and incubated at 37°C for 2 h. The
culture supernatant was filtered through a nylon mesh and
centrifuged at 600 � g for 10 min. The precipitant was used as
a germ cell-rich fraction. The cells attached to gelatin-coated
culture dishes were washed with PBS a few times and then used
as a Sertoli cell-rich fraction.

Assessment of Serum Hormone Levels. The bloods of 8-week-old
male Brek�/� and Brek�/� mice were drawn by cardiocenthesis
and incubated at 4°C overnight. After centrifugation at 800 � g
for 10 min, the serum was collected and stored at �80°C until
analysis. The levels of serum testosterone, luteinizing hormone,
and follicle-stimulating hormone were measured by SRL, Tokyo,
Japan.

Fertility Assessment. Eight-week-old Brek�/� and Brek�/� mice
were intercrossed. One male was mated with two females for 2
weeks. Female mice were checked for vaginal plugs, and litter
sizes were recorded.

Statistical Analysis. Student’s t test for paired variables was used
to examine differences, and data were considered significantly
different at P � 0.05.
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